. SIR2 also dSir2 locus and show that in Drosophila, Sir2 is an eshas ADP-ribosylase activity (Tanny et al., 1999) . While sential gene that is dynamically expressed throughout SIR2's HDAC activity is essential for silencing in yeast, development. We show that dSir2 is required for position its ADP-ribosylase activity is not essential for silencing effect variegation, suggesting a role for dSir2 similar to (Imai, et al. 2000) , and no biological function has yet that of its yeast counterpart in maintaining heterochrobeen assigned to this activity. ySIR2 acts as a dedicated matic silencing. dSir2 also has a strong maternal composilencing protein that deacetylates histones at heteronent such that progeny from mothers with reduced dSir2 chromatic targets including the mating-type loci, teloexhibit segmentation defects. We observe a direct physmeres, and rDNA repeats (reviewed in Gottschling, 2000; ical and genetic interaction between dSir2 and Hairy, Guarente, 2000). ySIR2 plays an important role in aging, suggesting this as a basis for the segmentation defects. but is not an essential gene (Rine and Herskowitz, 1987).
. SIR2 also dSir2 locus and show that in Drosophila, Sir2 is an eshas ADP-ribosylase activity (Tanny et al., 1999) . While sential gene that is dynamically expressed throughout SIR2's HDAC activity is essential for silencing in yeast, development. We show that dSir2 is required for position its ADP-ribosylase activity is not essential for silencing effect variegation, suggesting a role for dSir2 similar to (Imai, et al. 2000) , and no biological function has yet that of its yeast counterpart in maintaining heterochrobeen assigned to this activity. ySIR2 acts as a dedicated matic silencing. dSir2 also has a strong maternal composilencing protein that deacetylates histones at heteronent such that progeny from mothers with reduced dSir2 chromatic targets including the mating-type loci, teloexhibit segmentation defects. We observe a direct physmeres, and rDNA repeats (reviewed in Gottschling, 2000; ical and genetic interaction between dSir2 and Hairy, Guarente, 2000). ySIR2 plays an important role in aging, suggesting this as a basis for the segmentation defects. but is not an essential gene (Rine and Herskowitz, 1987) .
In addition, we observe a direct physical interaction beThere are four other SIR2-like proteins ( (Figure 2A) . Similarly, in w m4 , a line in which and 1B). Northern analysis of dSir2 shows that the locus w ϩ is relocated to proximal heterochromatin, there is encodes a single mRNA of 3.8 kb expressed at different clear suppression of w ϩ silencing in a dSir2 heterozylevels throughout development with a strong maternal gous background, supporting a further role for dSir2 in component ( Figure 1B ; see Experimental Procedures).
centromeric heterochromatic silencing ( Figure 2B ). We EP(2)2300 is an EP element insertion ‫004ف‬ bp upstream also tested the ability of dSir2 to mediate telomeric siof the dSir2 transcription start in the correct orientation lencing using flies which have the w ϩ gene inserted near to drive overexpression of dSir2. dSir2
05327
, is the result telomeres (Wallrath and Elgin, 1995; Cryderman et al., of a PZ element insertion within the dSir2 mRNA at 1999). We tested silencing of w ϩ insertions at three teloposition ϩ14. dSir2 ex10 is an excision of dSir2 05327 that meres: 2L, 3R, and 4. Silencing at telomere 4 is clearly disrupts dSir2 start site (see Experimental Procedures).
suppressed in a dSir2 heterozygous background (Figure A polyclonal mouse antibody was generated against 2C), while silencing of w ϩ near the telomere on chromoa GST fusion to full-length dSir2 that recognizes a single somes 3R (data not shown) and 2L ( Figure 2D ) is not band of ‫021ف‬ kDa in whole-cell, nuclear, and Kc cell affected by reduction of dSir2. Since telomere 4, in conextracts by Western blot, and efficiently detects purified trast to telomeres 2L or 3R, is affected by heterochrorecombinant 6ϫHis epitope-tagged dSir2 ( Figure 1C) . matic silencing machinery, our results suggest that dSir2 This antibody does not recognize other Drosophila sirtuis involved in heterochromatic, but not telomeric, silencins in these lysates or its yeast homologs even in Ͼ5-fold ing (see Discussion). more extract ( Figure 1C ). Wild-type embryos stained with this antibody exhibit dynamic subcellular dSir2 localization in the early embryo. Prior to nuclear cycle 12, dSir2 Localizes to Both Euchromatic and Heterochromatic Loci dSir2 is detected both in nuclei and in the surrounding cytoplasm ( Figures 1E-1F") . By the syncytial blastoderm Since dSir2 genetically affects PEV, we investigated dSir2 localization on salivary gland polytene chromostage (nuclear cycle 13), dSir2 is still cytoplasmic but is excluded from nuclei (Figures 1H-H' and 1J-J"). As somes. By double labeling with antibodies against dSir2 and Histone H3-dimethyl lysine 9 (to label heterochrocellularization begins at nuclear cycle 14, dSir2 is present both in nuclei and in the cytoplasm ( Figures 1I-I' matin), we observe strong dSir2 localization to discrete euchromatic bands along chromosome arms, as well and 1K-K").
An alignment of the Sir2 proteins from yeast, Drosophas at lower levels to centric heterochromatin ( Figures  2E-2L ). ila, and human reveals remarkable conservation within the catalytic core of the enzyme (Figures 1L and 1M Figure 1D) . A zygotic dSir2 function does not affect early embryo patsmall molecule inhibitor of ySir2, Splitomicin, has reterning as the dead homozygous mutant embryos excently been shown to fully inhibit ySIR2 activity in vivo hibit cuticle phenotypes indistinguishable from wildand recombinant ySIR2 by roughly 20%. We find that type (data not shown). dSir2 also has a strong maternal Splitomicin also inhibits recombinant dSir2 activity, to effect. We originally identified a dSir2 mutation in a gelevels comparable to that of recombinant ySIR2 (20% netic screen for maternal genes essential for embryonic inhibition; Figure 1D ; Bedalov et al., 2001 (stripes broadened) in embryos from mothers with reduced dSir2 expression ( Figures 3G and 3H ). Aberrant To identify the earliest stage at which segmentation is affected, we examined the expression of genes at different regulation of Ftz stripe expression in dSir2 mutant embryos is consistent with reduced function of the primary tiers of the segmentation gene hierarchy. Protein expression patterns of the gap genes Krü ppel and knirps pair rule gene, Hairy, which behaves genetically as a repressor of ftz. We examined Hairy expression in dSir2 are unaffected in progeny from females with reduced maternal dSir2 (dSir2 05327 /ϩ; wimp/ϩ or dSir2 ex10 /ϩ; mutant embryos and found that in contrast to Ftz expression that is significantly altered, Hairy is largely unwimp/ϩ transheterozygous mothers; data not shown). dSir2 is first required for regulation of segmentation at affected in these embryos ( Figures 3K and 3L ). the level of pair rule gene expression. Pair rule genes can be separated into two classes: primary pair rule genes dSir2 Interacts Genetically with Hairy The Ftz derepression phenotype in dSir2 embryos is establish double segment periodicity, whereas secondary pair rule genes respond to this pattern. Pair rule gene reminiscent of the Ftz expression pattern seen in hairy mutants. We examined dSir2 for genetic interaction with products are expressed as a series of seven transverse stripes in wild-type ( Figures 3E and 3I) or wimp/ϩ emhairy and find them to exhibit a dominant genetic interac- 
D). All females were crossed to wild-type males. Anterior is left and the ventral surface is shown. (E-L) Ftz (E-H) and Hairy (I-L) expression at the cellular blastoderm stage in embryos derived from wild-type mothers (E and I), wimp/ϩ mothers (F and J), or mothers with reduced dSir2 (G,H,K and L). Note derepression of Ftz stripes (broadening) in dSir2 mutant embryos (G and H) compared to wild-type (E) or wimp/ϩ (F). For all embryos, anterior is left and dorsal is up. Reduced levels of Hairy and Ftz are due to the presence of the wimp mutation (see Experimental Procedures).
tion. Progeny from either hairy heterozygous mothers tion in expression of stripes 4, 6, and 7, suggesting that these segmentation defects are largely mediated or dSir2 heterozygous mothers mated to wild-type males are viable and exhibit wild-type cuticle phenoby interaction of dSir2 with Hairy. Interestingly, Hairy stripes 3 and 4 are also affected in progeny from mothers types (Table 1 and data not shown). In contrast, embryos derived from mothers heterozygous for both dSir2 and trans-heterozygous for dSir2 and hairy (dSir2/ϩ; hairy/ϩ females; Figure 4C ), suggesting interactions between hairy (dSir2/ϩ; hairy/ϩ trans-heterozygous mothers) mated to wild-type males exhibit moderate to severe dSir2 and other developmental regulators. We tested dSir2 for interaction with repression cofactors groucho cuticle abnormalities (Table 1; Figures 4A-4B ). Consistent with this segmentation cuticle phenotype, Ftz is (gro) and dCtBP, as well as the other primary pair rule genes, even skipped (eve), and runt (run). We do not derepressed in these embryos ( Figure 4D) , with a reducdetect dominant synthetic lethal interactions between dSir2 and any of these mutations (Table 1) . We also Figure  5G ). We were unable to detect a complex with altered mobility upon addition of dSir2, although these proteins are able to interact in vitro ( Figure 1F) ately stained embryos in Figure 6B , Table 2, Embryos). If dSir2 is involved in assessing the balance of X:A factors in sex determination, we might expect that overexthe context of full-length Hairy protein to identify the pression of dSir2 would repress Sxl, resulting in female smallest region required for dSir2 binding. One of these specific lethality. Indeed, we find that when dSir2 is deletions, ⌬RRAR, disrupts dSir2 binding, while adjaoverexpressed, female embryos exhibit reduced Sxl excent four amino acid deletions have no effect (Figure pression (intermediately stained embryos in Figure 6C , 5D). The Hairy ⌬RRAR mutation does not affect Hairy Table 2 , Embryos). homodimerization or binding to other Hairy-interacting proteins including dCtBP (data not shown).
The basic domain is highly conserved among HES Discussion family proteins (Figure 5H ), including the invariant RRAR residues, so dSir2 was assayed for binding to other dSir2 is highly related to the yeast SIR2p protein, and shares the catalytic core and accompanying NAD ϩ -bHLH proteins within this family by GST pull-down. IVTdSir2 binds to GST-Deadpan (Dpn), but, surprisingly, not dependent activity with its yeast and human counterparts. dSir2 exhibits activities and functions similar to efficiently to GST-fusions to the E(Spl)m3 and E(Spl)m8 members of the HES family ( Figure 5E ), suggesting that those attributed to the yeast enzyme, as we find that dSir2 plays a role in the regulation of heterochromatic dSir2 may recognize additional features within the basic domain or in distal regions of HES proteins to permit position effect variegation. While a strain containing deletions of all five sirtuins is viable in yeast (Brachmann interaction with a specific subset of these similar proteins in a variety of developmental processes. et al., 1995), Drosophila Sir2 is an essential gene that is dynamically expressed in early embryos. Significantly, One possible consequence of cofactor binding to the basic domain of HES proteins could be interference with dSir2 is also essential for repression of euchromatic targets in Drosophila, working in conjunction with the their DNA binding abilities. Since dSir2 is required for Hairy function but binds to the basic domain, we used
Hairy/E(spl) class of bHLH repressors in regulating the processes of segmentation and sex determination in a gel electrophoretic mobility shift assay (EMSA) to test whether dSir2 and Hairy could be detected in a stable development.
Figure 5. dSir2 Interacts Physically with Hairy and Deadpan (A) IVT-dSir2 (10% input, lane 1) binds to GST-Hairy (lane 5), but not to repression cofactors Groucho (lane 3) or dCtBP (lane 4) or to GST alone (lane 2). (B and C) Mapping of Hairy's dSir2 interaction domain. (B) Diagram of GST-Hairy pieces and amino acid changes used to map the dSir2-binding domain within Hairy. (C) IVT-Sir2 (10% input, lane 1) binds to GST fusions to full-length Hairy (lane 3), bHLH (lane 4) and basic (lane 7), but not to GST fusions to more N-terminal or C-terminal fragments flanking the bHLH domain (lanes 5 and 6) or to fragments lacking the basic domain (lane 8). (D) dSir2 binding to GST-Hairy basic domain is disrupted by a four amino acid deletion, ⌬RRAR (lane 6), but not by adjacent 4 amino acid deletions within the basic domain (lanes 4, 5, and 7). (E) dSir2 binds to a specific subset of Hairy/E(Spl) family proteins. 6ϫHis-epitope tagged dSir2 (10% input, lane 1) binds to GST-Hairy (lane 3) and GST-Deadpan (lane 4), but less efficiently to E(spl)-m3 or -m8 (lanes 5 and 6) and not to GST alone (lane 2). (F) GST pulldown of 6ϫHis-dSir2 followed by Western blot for dSir2. 6ϫHis dSir2 (10% input, lane 1) binds to GST-Hairy (lane 3) and GSTHairy bHLH (lane 4) but not to GST alone (lane 2). (G) Electromobility shift assay (EMSA) with GST-Hairy bHLH protein (amino acids 1-100; ‫04ف‬ ng) and the D. melanogaster ac h/E-1 site oligonucleotide (40 fmoles) as a probe. Probe alone (lane 1). Increasing amounts of GST-Hairy bHLH protein (40 ng, lane 2 and 160 ng, lane 3) shift labeled oligo. Cold wild-type oligo (15-fold excess) competes for Hairy binding (lane 4). Addition of 6ϫ-His-dSir2 neither prevents Hairy from binding to the oligo nor generates a detectable supershift complex (lane 5). (H) Alignment of the basic domain sequence from four Drosophila HES family members.

dSir2 Is Required for Heterochromatic Position insertions in that it responds to suppressors of heterochromatic silencing, but not to suppressors of telomeric Effect Variegation
In yeast, SIR2 is required for silencing at heterochrosilencing (Cryderman et al., 1999). That dSir2 is required for silencing of telomere 4 and not other telomeres matic loci including mating-type loci, rDNA arrays, and telomeres (Rine and Herskowitz, 1987), as well as for tested suggests that dSir2 has a role in specific types of heterochromatic silencing which are distinct from silencing of an auxotrophic marker inserted within heterochromatin (Gottschling et al., 1990 ). Using reporter telomeric silencing, although a role for dSir2 at telomeres cannot be ruled out. Since Drosophila has four lines carrying w ϩ insertions, we find that dSir2 affects heterochromatic silencing of pericentric markers and additional sirtuins which all bear the same conserved catalytic core region, the roles of ySIR2 that are not markers inserted within repeated DNA arrays.
In contrast, dSir2 does not appear to be involved in shared by dSir2 may be regulated by these other sirtuins. telomeric position effect. Reduction of dSir2 function suppressed PEV at telomere 4, but not at telomeres dSir2 Interacts with Hairy/E(Spl) Family Proteins to Regulate Euchromatic Repression 2L or 3R. Studies by Cryderman and colleagues (1999) showed that subtelomeric and pericentric hsp 70-w ϩ While ySir2 has generally been described as a dedicated heterochromatic silencing protein, here we find that transposon insertions are suppressed by different mutations, indicating regulation of heterochromatic and telodSir2 can also interact with specific euchromatic transcription factors. dSir2 interacts with the euchromatic meric PEV by distinct sets of proteins. This study also showed that telomere 4 was unique among telomere bHLH repressor Hairy, both genetically and physically Since we have been unable to detect a supershift upon thors to conclude that Rpd3 is involved in segmentation but cannot represent a major pathway of repression in addition of dSir2 protein and dSir2 does not appear to affect the ability of Hairy to bind DNA, dSir2 and Hairy the early embryo (Mannervik and Levine, 1999). We were unable to detect a dominant interaction between hairy may not be in a stable complex with DNA ( Figure 5G ). The simplest explanation for these observations is that and Rpd3 (Table 1) ; however, we do find dSir2 to be required for the processes of segmentation and sex the interaction between dSir2 and Hairy in the presence of DNA is weak, requiring other proteins to stabilize the determination in which Groucho is also required by bHLH factors. In contrast to the Rpd3 loss of function complex in vitro. However, there are several other ways in which dSir2 could affect Hairy function. Upon binding phenotypes, the segmentation defects observed in dSir2 loss-of-function embryos are severe (Figure 3) . to Hairy, dSir2 may alter chromatin structure, affect distally bound factors on Hairy, or alter Hairy's ability to We propose that Hairy uses different deacetylases in different contexts. Phenotypic analysis of different hairy recruit cofactors required for other Hairy functions. In addition, Sir2 may deacetylate Hairy, altering either its mutants suggests that the requirements for dSir2 and Groucho are overlapping but not redundant. Hairy has DNA binding or activity, similar to altered p53 activity following deacetylation by human SIRT1 (Vaziri, et could alter its subcellular localization, allowing its export from the nucleus and subsequent progression of myoblast differentiation. Since the early Drosophila embryo is a closed system, it is possible that some developmental programs in the early embryo require removal of dSir2 from the nucleus. It is worth noting that at the times at which we have identified a role for dSir2 in developmental processes (nuclear cycle 9-10 for sex determination and nuclear cycle 14 for segmentation), dSir2 is detectable in the nucleus, while at times in between (nuclear cycle 13), dSir2 is excluded from the nucleus. Future studies that characterize dSir2 localization and its developmental regulation will be informative about the requirements for dSir2 for diverse processes in the early embryo. , 1994) . that generated unique 5Ј SalI and 3ЈNotI restriction sites, then di-GST-Hairy protein was preincubated with either labeled probe or gested and cloned into the SalI-NotI sites of pGEX 4T-3 (Pharmacia with 6ϫHis epitope-tagged dSir2 in binding buffer for 15 min at or pCite-4b Novagen). Full-length dSir2 cDNA was amplified from room temperature, followed by addition of missing component (DNA the same template using primers that generated unique 5ЈNcoI and or dSir2 protein). After a further incubation for 15 min at room tem3ЈHindIII restriction sites and cloned into pRSET C (Invitrogen) for perature, the entire sample was run on a 0.4ϫ Tris-Glycine polyacryl-6ϫ-His epitope-tagged protein expression. amide gel (4%; 19:1 Acrylamide:Bis). The final composition of all All GST-Hairy pieces were cloned in frame into pGEX-3X (Pharreactions (10 L) was: 5% glycerol, 20 mM HEPES (pH 7.6), 50 mM macia) using primers containing 5ЈBglII-3ЈEcoRI sites and vector KCl, 1 mM EDTA, 10 mM DTT, and 10 ng/L poly dA/dT (Sigma) as cut at 5ЈBamHI and 3ЈEcoRI sites, except basic, which was cloned nonspecific inhibitor. Specific competitor was unlabeled probe used using primers with 5ЈBamHI and 3ЈEcoRI sites. The amino acid comat 15-fold excess concentration. position of the Hairy fragments is as follows: Hairy-FL: aa 1-343; bHLH: aa 1-100; Orange: aa 95-343; N30: aa 1-30; HLHs: aa 43-90; and basic: aa 29-48. GST-hairy deletion mutants were generated Acknowledgments using nested primers with internal primers containing the deletions, and PCR amplified as two pieces from plasmid-based template We thank Kami Ahmad, Sue Biggins, Toni Bedalov, Dan Gottschling, containing the basic region, and then as one piece using outside 
(Figures 4 and 5). This interaction requires Hairy's basic complexes (Poux et al., 2001). The ability of Hairy to recruit distinct histone deacetylase containing comdomain that is highly
Consequences of Sir2 Function
